The electro-oxidation of carbon materials enormously degrades their performance and limits their wider utilization in multiple electrochemical applications.
Introduction
Carbon materials are widely used and receive increasing interest as electrodes, electrocatalysts and/or electrocatalyst supports in different electrochemical applications, such as industrial synthesis (Al, Cl 2 -NaOH, organics), electro-oxidation and -adsorption of pollutants, analysis and detection in (bio)sensors, medicine (neural communication, enzyme immunoassays, genetic mutation analysis, etc.), or their use for energy storage (supercapacitors, batteries) and conversion (fuel cells and solar cells) [1] [2] [3] [4] [5] [6] [7] .
Nevertheless, their performance and durability in these applications generally decline as a consequence of electro-oxidation processes [8] [9] [10] [11] [12] [13] [14] [15] , so they usually have to be continuously replaced or substituted by other more stable but more expensive electrodes. Considering the enormous carbon consumption and, usually, the resultant loss of high-cost supported-electrocatalysts (Pt, Ru, etc.), together with the performance decay and/or the restricted utilization of carbon electrodes in these applications, any improvement of their electrochemical stability would suppose major consequences in savings and a wider and more sustainable use of these natural resources.
Various studies comparing the electro-oxidation behavior of different carbon materials have been published [16] [17] [18] [19] [20] . However, little is unambiguously known regarding the mechanism of electrochemical oxidation [21] [22] [23] [24] [25] . As a consequence, few strategies to improve the carbon electro-oxidation resistance have been proposed. Most approaches involve a decrease in the amount of active sites by controlling the carbon morphology and structure [15] [16] [17] [18] [19] [20] 26, 27] , and/or by reducing the surface area [19, 28] .
Nevertheless, other promising approaches have been also proposed [29] .
On the other hand, the surface chemistry of carbons seems to play a key role on their electrochemical stability, so the attachment of stabilizing functionalities could entail a general strategy to improve the performance of all kind of carbons, independently of their surface area, morphology, etc. There again, real effects are not less controversial.
Thus, whereas the presence of oxygen groups has been commonly found to be detrimental to the electrochemical stability [30] , a beneficial influence of certain surface functionalities of nitrogen [31, 32] or phosphorus [33, 34] has been claimed. In spite of the promising perspectives for various applications, to the knowledge of the authors, there are few works proposing an enhanced electrochemical stability induced by Pfunctionalities and, in all cases, applied for widening the stability potential window of carbon-based supercapacitors [33, 34] . Nevertheless, apart from the significance of the results, neither the electro-oxidation behavior nor the enhanced stability effect were M A N U S C R I P T
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properly tackled and explained. Hulicova-Jurcakova et al. compared carbons prepared from completely different precursors, showing quite different surface areas and oxygen contents, and by using a two-electrode cell [33] , where a control of the electrode potential, necessary for a meaningful comparison among oxidation currents of different materials, cannot be achieved. Moreover, they assigned the enhanced oxidation resistance to the physical blockage of active sites by phosphate groups [33] , thus, using arguments employed in the thermal-oxidative gasification of carbons [35] [36] [37] [38] [39] [40] . On the other hand, instead of an effect on the oxidation resistance, Huang et al. have recently objected that the P-groups, especially polyphosphates, play a critical role in stabilizing the surface of carbons during the reversible electrochemical hydrogen storage at low potentials [34] .
Then, while the need for certain morphologies or a reduced surface area may restrict or decline the electro-chemical application of carbon materials, and the real effect of surface functionalities in the electrochemical stability is still unknown, more reliable studies and new approaches to enhance the electro-oxidation resistance of carbon materials are necessary and challenging. In this work, the positive influence of phosphorus surface groups in the electro-oxidation resistance has been unambiguously demonstrated in high-surface area activated carbons and analyzed in depth to gain a better understanding of the involved processes. We propose a new concept to minimize the electro-oxidation of carbon materials, in which phosphorus groups actively participate in the reaction by gaining oxygen preferentially among different surface sites. This delays the introduction of oxygen groups in the graphene layers (oxidation) and reduces the generation of (C*OOH)-like species, which have been previously suggested to be the unstable promoters of electro-gasification (term sometimes referred to as corrosion). The obtained results suggest that, once oxidized, phosphorus functionalities could act as mediators of carbon oxidation by distributing the gained oxygen to neighboring carbon sites, which finally would suffer gasification.
Experimental

Preparation of activated carbons (ACs)
Various ACs with or without P were prepared by either H 3 PO 4 -chemical activation or CO 2 -physical activation of olive stones [41] [42] [43] [44] . This precursor was provided by Sca Coop. And. Olivarera y Frutera San Isidro (Periana, Malaga). For the chemical activation, olive stones were impregnated with 85 wt% H 3 PO 4 aqueous solution M A N U S C R I P T
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(Aldrich) at room temperature and dried for 24 h at 60 ºC in a vacuum dryer. The impregnation ratio (H 3 PO 4 /precursor mass ratio) was 3. The impregnated materials were activated at 500ºC for 2 h under N 2 or air, using a gas flow to olive stone ratio of 150 mL min -1 /5g (samples denoted as HA3500 and HA3500-A, respectively). The activated samples were washed with distilled water at 60ºC, until neutral pH in the eluate, and dried at 110ºC overnight. In order to obtain carbons with different surface chemistry, these two samples were heat-treated up to 900ºC for 2 h under N 2 flow (samples referred to as HA3500-T and HA3500-A-T). For the physical activation, the olive stones were carbonized at 800 ºC for 2 h, followed by partial gasification with CO 2 at 800 ºC for 6 h (60% burn-off) (sample HAG800). All the activation and heat treatments were carried out in a tubular furnace, with 150 cm 3 STP/min gas flows, and by using heating rates of 10 ºC/min.
Physicochemical characterization of ACs
The textural properties were characterized by N 2 adsorption-desorption at -196 ºC and by CO 2 adsorption at 0 ºC in a Micromeritics ASAP2020, after outgassed for 8 h at 150 ºC under vacuum. From the N 2 adsorption/desorption isotherm, the apparent surface area (S BET ) was calculated by applying the BET equation, and the micropore volume (V t (N 2 )) by using the t-method. The mesopores volume (V meso (N 2 )) was determined as the difference between the adsorbed volume of N 2 at a relative pressure of 0.95 and the micropore volume (V t (N 2 )). The narrow micropore volume (V DR (CO 2 )) was estimated from the CO 2 adsorption isotherm using the expression of the Dubinin-Radushkevich adsorption isotherm. X-Ray Diffraction (XRD) measurements of the powdery ACs were performed by using a Shimadzu XRD-6100 instrument with Cu-Kα radiation (λ=1.541 Å) generated at 30 kV and 20 mA. The temperature-programmed desorption (TPD) analyses were carried out up to 940 ºC (10 ºC/min) in helium flow (100 cm 3 STP/min) in a differential scanning calorimetry−thermogravimetric analysis (DSC−TGA) equipment (TA Instruments, SDT 2960 Simultaneous) coupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3). The amounts of CO and CO 2 desorbed from the samples were monitored following the 28 and 44 m/z lines, which were previously calibrated by nonisothermal decomposition of calcium oxalate monohydrate (99.999%). X-ray photoelectron spectroscopy (XPS) was performed in a 5700C model Physical Electronics apparatus, with Mg Kα radiation (1253.6 eV). The C1s peak position was set at 284.5 eV and used as reference to locate the other peaks. The fitting of the XPS M A N U S C R I P T
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peaks was done by least squares using Gaussian-Lorentzian peak shapes and Shirley line as background. TPD and XPS measurements were carried out over the carbon electrodes (which are prepared by mixing the powder AC with 5% polytetrafluoroethylene (PTFE) and 5% acetylene black), and the effect of these additives in the measurements are described in the supplementary information.
Electro-oxidation treatments
The powder ACs were converted into electrode pastes, by mixing them with a small amount of PTFE, as binder, and acetylene black (Strem Chemicals), as conductivity promoter, in a ratio 90:5:5 wt%, and used as working electrodes. The total electrode weight was about 10 mg (dry basis), being conformed in circular shape (1.3 cm 2 ) and pressed for 5 minutes at 2 metric tons, for ensuring uniform thickness, against a macroporous graphite foil current collector. The electrodes were impregnated in 1M Trying to generalize the study and results of this work, the electro-oxidation behavior of the carbons was studied by using non-particular potentiodynamic and potentiostatic conditions, which are intended to be representative of a wider range of more specific and real ones in different applications. For the potentiodynamic electro-oxidation conditions, the electrodes were cycled at 1 mV/s between -0.2 V to a gradually rising upper limit potential, from the open circuit potential (OCP) up to 1.1V, and by repeating 3 cycles at every upper limit potential ( Fig. S1a ). For the potentiostatic conditions, the potential was gradually increased from the OCP up to 1.1 or 1.4 V at 1 mV/s and hold at for 1-20 h ( Fig. S1b ). After the potentiostatic treatments, the electrode pastes were rinsed with abundant distilled water and dried at 60 ºC overnight to be subjected to chemical characterization. Figure 1 displays the porous texture and surface chemistry characterization of the powder ACs, whereas Table 1 resumes their main textural and chemical parameters. As it can be observed in Table 1 , various ACs with a quite similar P content (2.5-3.3 wt% P) or without P, but with comparable specific surface areas (1300-1600 m 2 /g) and low structural order have been prepared for this study. Significant differences exist in the porous texture of chemically-and physically-activated samples (Fig. 1a ). The higher N 2 volume adsorbed at medium-high relative pressures and the large hysteresis loops observed for P-containing carbons ( Fig. 1a ) are characteristic of a wider microporosity, with a significant contribution of mesoporosity (Table 1) . By contrast, the higher CO 2 adsorption volume (V DR (CO 2 )) obtained for HAG800 carbon, approaching that of N 2 (V t (N 2 )), points out that physical activation mainly generates narrow microporosity. (Table 1) , and nature of oxygen surface groups ( Fig. 1c and 1d) were introduced in the carbon materials. The activation in air at milder temperatures (HA3500-A) favors the introduction of a larger concentration of oxygen surface groups (Table 1 ) and a higher oxidation degree of phosphorus species, as deduced from the XPS spectrum centered at higher binding energies ( Fig. 1b) .
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Results & Discussion
Physicochemical characterization of powder ACs
Moreover, the significant CO 2 and CO evolutions over a broad range of temperature, mainly between 400-800 ºC ( Fig. 1c and 1d ), is indicative of the presence of different oxygen surface groups (mainly anhydride, phenols and quinones) [45] . On the other hand, inert atmosphere (HA3500) and, especially, treatments at higher temperatures (HA3500-T and HA3500-A-T) reduce the oxidation degree of P species (their XPS spectra are centered at lower binding energies) and remove the oxygen functionalities of P-containing ACs (see Table 1 and the low CO 2 and CO evolutions below 800 ºC in Fig. 1c and 1d ). As a result, these thermally-treated samples show similar oxygen contents to that without P (HAG800) ( Table 1) . Nevertheless, the oxygen of the P-free sample is in the form of carbon-bound oxygen groups of high thermal stability (evolving above 700 ºC), like carbonyl/ketone groups [45] , whereas the CO 2 and, especially, the well-defined CO evolutions between 800 and 950 ºC of P-containing
ACs have been assigned to the presence of -C-O-P-species that decompose in the form of CO at around 860 ºC [41, [46] [47] [48] .
Electro-oxidation behavior of ACs with and without P
As observed in Figure 2a , independently of the presence of P, the as-prepared samples with lower O wt% (HAG800 and HA3500-T) start to show anodic currents from ca. 0.65 V, which significantly and gradually increase with the upper limit potential (see For the potentiostatic conditions, the electrode potential of the different ACs was raised up to 1.1 or 1.4 V and hold constant for 1 to 20 h. Compared to a cycling and gradual oxidation (Figure 2a ), when a unique scan is performed directly to reach 1.1 V, even higher differences between both samples can be found (inset of Figure 2b ).
Particularly, the oxidation inhibition of P is so remarkable that the oxidation currents at
1.4 V for the sample with 3 wt% P are even lower than those at 1.1 V for the P-free one ( Figure 2b ). Upon holding the electrode potential at 1.1 V or 1.4 V, the oxidation currents start to decrease down to a stable value. These currents may be indicative of some electro-oxidation or electro-gasification (CO 2 evolution) processes under steady state conditions [21] [22] [23] [24] [25] [26] [27] . In addition, oxygen evolution reaction may also contribute to this current. The occurrence of these reactions was confirmed by comparing the quantified oxygen gain to the amount of electrons (charge) involved in the processes (see supplementary data), so that, the registered extra electrons may be related to reactions other than this oxygen gain. In this sense, the amount of extra electrons passed in the carbon without P is much higher than in the P-containing ones. Thus, these results point out that P functional groups may slow down also the electro-gasification currents of the studied carbon materials, enhancing their corrosion resistance. This effect was confirmed also by testing much longer potentiostatic treatments of 18-20 h.
Another important aspect from a practical point of view is the stability of phosphorus species under electrochemical conditions. This was evaluated by measuring the remaining P content after the electrochemical treatments (Figure 2c ). Results point out that, more than 90 % of surface phosphorus from the chemically-stable P species The influence of phosphorus groups in the thermal oxidation inhibition of different carbon materials has been widely studied and discussed on the literature [35] [36] [37] [38] [39] [40] . In most cases, the oxidation protection was achieved by impregnation of already-prepared carbon materials with H 3 PO 4 , phosphates and other kind of phosphorus-containing molecules, followed by a thermal treatment for their decomposition and P-anchoring on the carbon surface [35] [36] [37] [38] [39] [40] . Some authors proposed that the phosphorus species enhance the oxidation resistance by blockage (poisoning) of the active sites that are prone to suffer from oxidation, formation of a protective glassy diffusion barrier, and/or neutralization of impurities that can catalyze the oxidation of carbon materials [35] [36] [37] [38] [39] [40] .
In the present study, however, P-containing carbons have been obtained with no additional impregnation step, and phosphorus is incorporated to the carbon surface during the activation process at temperatures of about 500 ºC [41] [42] [43] [44] [45] [46] [47] . These Pcontaining carbons presented very high gas-phase oxidation resistance (shown in previous works) [41] [42] [43] [44] [45] [46] [47] , which coincides with the enhanced oxidation resistance under M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT electrochemical conditions observed in this work. Hence, the enhanced electrooxidation resistance of these P-containing carbons could be explained in different terms to those postulated in the past [35] [36] [37] [38] [39] [40] . In order to do so, the surface chemistry of electro-oxidized ACs has been analyzed to get some insights about the possible electrooxidation mechanism of P-containing porous carbons.
Chemical characterization of electro-oxidized ACs
In order to explain the influence of P-surface groups on the electro-oxidation resistance, the surface chemistry of the different samples, before and after potentiostatic Such a remarkable greater proportion of -COOH/-COOR surface species on the electro-oxidized P-free carbon was confirmed by XPS ( Figure 3b ). In addition, the electroxidation causes a much higher oxygen gain on the sample without P than on all those with P (in agreement with the higher oxidation currents for the P-free sample observed in Figure 2 ), and such a difference becomes more important with the time of treatment (Figure 3a) .
Previous studies on the kinetics and mechanisms of carbon corrosion proposed that the corrosion rate is proportional to the concentration of highly oxygenated and unstable C*OOH-like species [21] [22] [23] [24] [25] , as promoters and/or initiators of the electrochemical evolution of CO 2 :
(C*OOH) surf. → (*) surf. + CO 2 + H + + e -(1)
If we reasonably hypothesize that these electrochemically unstable C*OOH-like groups may correspond and/or be related to part of those electrochemically-introduced CO 2evolving groups (∆CO 2 ) determined by TPD and observed by XPS (Figure 3 ), our results indicate that the presence of phosphorus groups inhibits or delays, the generation of C*OOH-like gasification promoters, thus enhancing the electro-gasification (corrosion) resistance of the carbon materials.
A more detailed analysis of CO 2 and CO evolutions during TPD experiments shows remarkable differences in the selectivity of the electro-oxidation processes. In the absence of phosphorus species (Figure 4a and 4b) , the increase in the whole temperature range of CO 2 and CO profiles points out that the electrochemical treatment augments all types of oxygen surface groups, stressing the lack of selectivity on the electro-oxidation of these P-free ACs. By contrast, the electroxidation of the P-containing carbons generally produces an outstanding higher increase in the CO profiles between 800-950 ºC (orange area in Figure 4d Figures 4d and 4f ), which can be mainly attributed to carboxylic-or phenol-and quinone-like groups on carbon, respectively [48] . The electrochemical oxidation of phosphorus groups was undoubtedly confirmed by the shift of P(2p) XPS-spectra towards higher binding energies (Figure 5a ).
Nevertheless, it must be noted that broad bands, reflecting a distribution of different P functionalities, were still found even in the most electro-oxidized samples. In this respect, the nature and relative contribution of the different phosphorus functionalities on P-containing carbons before and after the electrochemical treatments were estimated by deconvolution of their P(2p) spectra.
As shown in Figure 5b , these functionalities can be divided into four main contributions, namely, -C 3 P, -C 3 PO, -C-P-O-and -C-O-P-, from less to more oxidized species [41] [42] [43] [44] [45] [46] [47] . After 1h-electroxidation treatments (Figure 5c TPD characterization further revealed crucial information on the electroxidation of Pcontaining carbons. When these samples are subjected to stronger potentiostatic conditions, for example, by increasing the applied potential (Figures 4e and 4f) , the contribution of -C-O-P-groups (CO evolution at 860 ºC) does not further enlarge and an increase in phenol/quinone and carboxylic groups occurs (CO evolution at 600-800 ºC and CO 2 evolution at 200-480 ºC, respectively). Similar effects have been also observed by treating the samples for much longer times (see supplementary data). These findings highlight that, despite the harder conditions, the electro-oxidation of P-containing carbons is also very selective, suggesting that it could proceed through a different mechanism to that of conventional P-free ones.
Mechanistic aspects
The changes on the P surface functionalities observed by TPD ( Figure 4) may involve the nucleophilic attack of surface atoms by hydroxyl radicals, electrochemically generated from water at high potentials on the electrode surface [49, 50] , which must be favored on the positively polarized graphenic layers under the electroxidation conditions.
Based on the remarkable selectivity of electroxidation towards the P functionalities and the generation of -C-O-P-species found experimentally (Figures 4 and 5) , and considering the low electron density that it may exist on -C-P-bonds (phosphorus atoms are surrounded of various oxygen atoms of higher electronegativity -electronwithdrawal character-and carbon atoms are subjected to positive potential), the electroxidation reaction may proceed with the participation of these P groups. In order to explain this preferential attack to -C-P-bonds, we propose that it could occur through the formation of epoxide-like intermediates [-C-O + -P-] ≠ (see Fig. 6 ). The formation of an epoxide ring is similar to the oxidation mechanism proposed for the gas-phase M A N U S C R I P T
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thermal oxidation of carbon materials [53, 54] . This epoxide intermediate can be opened following two general pathways: oxidation of the original -C-P-bond to form a -C-O-Pbond (A routes in Fig. 6 ) and scission of a second -C-P-bond to form a -P-OH bond (B routes in Fig. 6 ). Squared brackets display epoxide-like reaction intermediates. A and B pathways refer to the epoxide opening routes a and b (Fig. 7) . The color code distinguishes the P-species, which are related to the oxidation state of P groups. These species are ordered from those found in the less oxidized (-C 3 P) to those found in the more oxidized (-C-O-P-) P groups. Colored (red and green) atoms represent introduced atoms.
The existence of stable 3-membered rings with P is well documented [51, 52] . A possible nucleophilic reaction for the formation of these intermediates based on the attack by HO • , is proposed in Fig. 7a . It involves a two-step electron donation from oxygen atoms to -C-P-bonds. Given the easier accessibility and/or less rigidity of phosphate tetragonal structure compared to that of carbon bonds in planar aromatic rings, the attack may be driven to the P atoms. Once formed, the opening of epoxide 
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After the electro-oxidation of P-groups, and in accordance with the experimental results previously shown, and although some carbon active sites could be directly electroxidized [49, 50] , we propose that during the electro-oxidation treatments, most of the oxidation proceeds through the initial and freshly-generated oxidized phosphorus species that transfer the gained oxygen to neighboring carbon atoms, acting as mediators of carbon electroxidation. In particular, among different phosphorus species, it is suggested that the mediated reaction may require of -C-O-P-connections, like in the case of mix -C-O-P-C-or -C-O-P-species. Given the lowest electro-oxidation currents observed for HA3500-A sample among the different P-containing ACs (Figure   2a and 2b) , which initially contains a higher proportion of highly-oxidized -C-O-Pspecies, these species could show a high electrochemical stability, in agreement with the high temperature required for their decomposition, hindering the transfer of gained oxygen. Because they involve various steps and intermediates ( Figures 6 and 7) , all these reactions for oxygen fixation are expected to be slower than direct electroxidation processes, thus, justifying the lower oxidation currents observed for P-containing carbons (Figures 2a and 2b) . According to the proposed electro-oxidation mechanism, P-surface groups do not behave as physical barriers or poisoners, but instead, oxidation occurs through the phosphorus groups with higher reactivity compared to that of the free carbon sites. This
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A C C E P T E D ACCEPTED MANUSCRIPT higher reactivity, however, is related to the HO • nucleophilic attack; so that the subsequent transfer of gained oxygen, from highly stable phosphorus functionalities to carbon atoms, is hindered and slowed down to control the kinetics of the overall carbon electro-oxidation. Nevertheless, other possible stabilizing effects of phosphorus groups, by altering the chemical reactivity of the neighboring free or oxidized carbon sites and/or stabilizing the graphenic layers (like B or N) [38] , should not be ruled out.
Conclusions
In this work, the enhanced electro-oxidation resistance induced by phosphorus surface groups in carbon materials has been clearly demonstrated in high-surface area ACs.
Unlike previous approaches, involving the blockage or minimization of active sites, the introduction of stabilizing heteroatoms (B, N), or the introduction of a catalyst for water electroxidation, the proposed mediated mechanism is a completely new concept to explain the electro-oxidation of phosphorus-containing carbon materials. The mechanism involves the active participation of phosphorus surface groups, with preferential nucleophilic attack and oxygen uptake, which are gradually transformed from less-to more-oxidized highly stable species; and the slow and hindered transfer of NOTES: The abrupt peak at ca. 560 ºC, which is absent on the profiles of powdery carbons (black line), is attributed to the thermal decomposition of PTFE binder, as deduced from the TPDs (green line) and the mass decay at the same temperature from a thermogravimetric measurement (Fig. S4c ). Considering the low percentage of additives, that PTFE contains no oxygen atoms and that the oxygen content of carbon black can be neglected compared to that of ACs, the quantification of CO 2 and CO evolved groups is not affected by the presence of additives. Finally, the slight increase in both the CO 2 and CO TPD profiles after H 2 SO 4 impregnation of carbon pastes (blue lines) suggests that carbons may be slightly oxidized during this step. Figure S5 . CO 2 and CO patterns from TPD experiments of the different carbons before (thick lines) and after (thin lines) potentiostatic electro-oxidation under different conditions. NOTE: data recorded from AC pastes. S4   Table S1 . Total electric charge and electrons passed during the potentiostatic experiments and the change in oxygen content (∆O), the electrons associated to the oxygen gain (∆O-electrons) and the passed electrons (extra electrons) that may be related to reactions other than the oxygen gain, of the different ACs as determined after the treatments at 1.1V for 1 h (or other specified conditions). 
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